Introduction
The gastrointestinal epithelium forms a selective barrier that plays a pivotal role in separating the microbe-rich luminal contents from underlying tissue compartments, while also regulating the absorption of nutrients. Epithelial damage associated with disruption of the intestinal mucosal barrier occurs following mechanical injury and is a hallmark of several pathologic states including inflammatory bowel disease (IBD) (1). Efficient repair of this barrier is critical for suppressing mucosal inflammation and reestablishing intestinal homeostasis. Epithelial wound closure is orchestrated by a series of events involving the epithelium itself as well immune cells from both the innate and adaptive immune systems that are recruited into the wound. After an initial recruitment of neutrophils, there is an influx of macrophages that reside near the epithelium. Macrophages have been reported to secrete anti-inflammatory and pro-resolution mediators such as TGF-β, VEGF, metalloproteinases, and IL-10 (2).
The anti-inflammatory cytokine IL-10 has been reported to regulate intestinal mucosal homeostasis (3) . Mice lacking IL-10 are prone to developing spontaneous enterocolitis within 4 to 8 weeks of age (4) . Intestinal mucosal macrophages are the major source of IL-10 in the intestinal mucosa (5) . While the antiinflammatory effects of IL-10 on immune cells and mucosal homeostasis have been well studied, the role of IL-10 in orchestrating wound repair remains less clear. Here, we report the pro-repair properties of IL-10 and identify the mechanism by which IL-10 promotes epithelial cell proliferation and wound repair in the intestine. We show that IL-10 promotes intestinal epithelial wound healing through the activation of CREB signaling, with subsequent synthesis and secretion of the WNT1-inducible signaling protein 1 (WISP-1). WISP-1 is a member of the connective tissue growth factor (CTGF) family and has been increasingly recognized for its roles in facilitating repair (6) . Our study identifies a link between the antiinflammatory cytokine IL-10 and WISP-1, which serve to promote epithelial wound repair and restore mucosal homeostasis.
Results
IL-10 expression is increased in resealing intestinal mucosa. IL-10 suppresses immune cell pro-inflammatory responses and plays an important role in maintaining homeostasis (3) . However, the role of IL-10 in promoting mucosal repair is not well defined. To explore the pro-repair properties of IL-10, we performed a kinetic analysis of IL-10 effects on epithelial wound closure in vitro using the intestinal epithelial cell line SKCO-15. As shown in Figure 1A , exposure to IL-10 increased wound repair within 12 hours, and this response was further enhanced after 24 hours (P < 0.01, 12 h; P <0.001, 24 h). These data were consistent with IL-10 receptor subunit α (IL-10Rα) expression by SKCO-15 cells ( Figure 1B) . To determine the specificity of IL-10 effects on epithelial wound repair, IL-10Rα was downregulated using an siRNA approach. As shown in Figure 1C , IL-10Rα knockdown inhibited the IL-10induced increase in wound closure following IL-10 treatment. Since IL-10 increased in vitro epithelial wound repair, we evalu-P < 0.001) 3 days after injury. These functional wound-healing data were consistent with histologic analyses confirming increased wound closure. Given that both innate and adaptive immune responses have been reported to be involved in IL-10 secretion and that previous observations have demonstrated that IL-10 production by CD4 + T cells is instrumental in regulating spontaneous colitis (10), we next examined whether adaptive immune cells were required for mucosal wound repair by using RAG1-deficient (Rag1 -/-) mice that lack mature T and B cells (11) . Notably, mucosal wound repair in Rag1 -/mice was indistinguishable from that in WT mice, suggesting that T and B cells are not required for mucosal wound repair ( Figure 2B ; Rag1 -/-: 47.6% ± 4.21%; WT: 45.5% ± 2.65%). Since macrophages have also been reported to be an abundant source of IL-10 in the intestinal mucosa, wound healing was next analyzed in mice with a conditional deletion of Il10 in CD11c-expressing cells (Il10 fl/fl CD11c-Cre mice, hereafter referred to as IL-10 fl/fl CD11c Cre mice), which are predominantly macrophages and DCs. Analogous to results using global Il10 -/mice, we also observed delayed wound closure in IL-10 fl/fl CD11c Cre mice when compared with littermate control IL-10 fl/fl mice ( Figure 2C ; IL-10 fl/fl CD11c Cre: 13.84% ± 3.49%; IL-10 fl/fl : 41.84% ± 3.78%; P < 0.001). Analysis of IL-10 protein in intestinal mucosal wounds confirmed increased IL-10 expression in IL-10 fl/fl mice but not in IL-10 fl/fl CD11c Cre mice ( Figure 2D ). Furthermore, IL-10 colocalized with the macrophage marker F4/80 in mucosal wound beds in IL-10 GFP reporter mice (Figure 2E ). To corroborate these morphologic observations, we ated the expression of IL-10 protein and mRNA in healing biopsyinduced mouse colonic mucosal wounds. Significantly increased Il10 mRNA levels were detected 1 day after injury, with peak levels observed 2 days after injury ( Figure 1D ; 5-fold increase, P < 0.001). In parallel studies, IL-10 protein was measured in the supernatants of healing colonic mucosal wounds that were cultured for 4 hours ex vivo. Increased IL-10 protein was detected within 1 day after injury, with continued upregulation on days 2 and 3 ( Figure  1E ; 3-fold increase compared with non-wounded mucosa on day 2, P < 0.001). Figure 1F also shows an upregulation of IL-10 protein levels in lysates of mucosal wounds within 1 day after injury. Taken together, these results demonstrate that IL-10 stimulates in vitro intestinal epithelial wound healing and is upregulated during in vivo intestinal mucosal wound repair.
Macrophage-derived IL-10 promotes in vivo intestinal mucosal wound repair. To elucidate the role of IL-10 during in vivo intestinal mucosal wound repair, we compared intestinal mucosal wound healing in IL-10-deficient (Il10 -/-) and WT mice using a colon biopsy-induced injury model (7, 8) . Since Il10 -/mice can develop age-and microbiota-dependent spontaneous colitis, we used mice that showed no clinical symptoms of colitis (no weight loss, rectal prolapse, or loose stool) and that had low basal levels of the fecal inflammatory marker lipocalin 2 (9) (Supplemental Figure  1 ; supplemental material available online with this article; https:// doi.org/10.1172/JCI90229DS1). As shown in Figure 2A , delayed mucosal wound healing was observed in Il10 -/mice compared with that in WT mice (21.3% ± 2.53% in Il10 -/vs. 49.6% ± 2.87% WT; Figure 1. IL-10 is synthesized and released as a response to intestinal mucosal injury. (A) Scratch wound-healing assay using IEC monolayers. rhIL-10 was added to wounded IECs, and wound widths were determined 0, 12, and 24 hours after injury (**P < 0.01 and ***P < 0.001, n = 5, mean ± SEM). (B) IEC expression of IL-10Rα was analyzed by qPCR and Western blotting. (C) Scratch wound-healing assay in IEC monolayers. Cells were transfected or not transfected with either a scramble siRNA or IL-10Rα siRNA, and wound widths were determined 0 and 24 hours after wounding (***P < 0.001, n = 5, mean ± SEM). Colonoscopy-based biopsy wounds (2-mm punch biopsies) were generated in C57BL/6 mice and collected on days 1-3 after injury. Intact tissue was used as a control. Figure 1 , D-G). Taken together, these results support an important role for infiltrating monocyte/macrophage-derived IL-10 in promoting intestinal mucosal wound repair. IL-10 promotes intestinal epithelial cell proliferation by CREB signaling at the sites of mucosal injury. Coordinated epithelial cell proliferation and migration mediate wound closure and restore mucosal homeostasis. To identify the mechanism by which IL-10 promotes wound repair, we analyzed the effect of IL-10 on epithelial cell proliferation during mucosal wound repair. We analyzed the incorporation of a thymidine analog, EdU, in the intestinal epithelium in healing intestinal wounds from IL-10 fl/fl and IL-10 fl/fl CD11c Cre mice. As shown in Figure 3A , decreased intestinal epithelial cell proliferation was observed in IL-10 fl/fl CD11c Cre mice compared with that seen in IL-10 fl/fl mice (14.81% ± 0.70% IL-10 fl/fl vs. 5.74% ± 0.93% IL-10 fl/fl CD11c Cre; P < 0.001). To corroborate these findings, we measured epithelial cell proliferation in SKCO-15 intestinal epithelial cells (IECs) treated with recombinant human IL-10 (rhIL-10). As shown in Figure 3B , treatment with rhIL-10 increased IEC proliferation (32.5% ± 0.92% control vs. 41.33% ± 0.95% IL-10; P < 0.001). Since IL-10 promotes epithelial cell proliferation and wound repair, we next investigated the underlying mechanisms of this response. As cAMP response element-binding protein (CREB) signaling has been linked to cell proliferation, we determined whether IL-10 activates CREB in a STAT3-dependent manner by inducing its phosphorylation at serine 133. As shown in Figure 3 , C and D, IL-10 increased CREB phosphorylation in SKCO-15 cells as well as in primary human epithelial cell cultures (enteroids) (densitometric analysis, Supplemental Figure  2 , A and B). Additionally, we detected increased phosphorylation of CREB (Ser133) in in vivo biopsy-induced wounds 3 days after injury in IL-10 fl/fl mice ( Figure 3E , densitometric results in Supplemental Figure 2C ). We did not observe this increase in CREB phosphorylation in IL-10 fl/fl CD11c Cre mice. We also observed that CREB inhibition did not influence the induction of classic IL-10 downstream target proteins such as c-myc (Supplemental Figure 2D ). Taken together, these results suggest that IL-10 activates CREB signaling.
IL-10 activation of CREB signaling promotes WISP-1 secretion. Since IL-10 induces CREB activation in human IECs, we next explored the mechanisms by which IL-10-mediated activation of CREB signaling promotes epithelial cell proliferation and, ulti-quantified Il10 mRNA in immune cells isolated from the lamina propria (LP) of either intact or wounded WT mouse colon on days 1-3 after injury. We sorted immune cells into 3 populations: non-macrophages (CD45 + CD64 -Ly6C -); resident macrophages (CD45 + CD64 + Ly6C -); and infiltrating macrophages (CD45 + CD64 + Ly6C + ). Our results show that, among these 3 populations, infiltrating macrophages (CD45 + CD64 + Ly6C + ) had the highest Il10 mRNA expression levels on day 2 after injury, suggesting that macrophages are a main source of IL-10 in the wound bed ( Figure 2F ). To evaluate the role of the microbiota in the increase of IL-10 after mucosal injury, we compared Il10 mRNA levels in intact and day-2 post-wound tissue isolated from specific pathogenfree (SPF) or germ-free (GF) mice. As shown in Supplemental Figure 1C , GF mice had a reduction in steady-state levels of Il10 mRNA when compared with levels in SPF mice. Following mucosal injury, however, Il10 mRNA was induced in post-wound colonic tissue isolated from both SPF and GF mice, suggesting that the injury-triggered increase in IL-10 is largely microbiota independent. We next examined the phenotypic transition of infiltrating immune cell populations in the wound bed of IL-10 fl/fl and IL-10 fl/fl CD11c Cre mice on post-injury days 1-3 and in intact tissue. As shown in Figure 2G , nearly all macrophages in intact colonic tissue had a resident phenotype (CD45 + CD64 + Ly6C -), regardless of mouse genotype. On day 1 after wounding, we observed a strong accumulation of infiltrating monocytes/ macrophages (CD45 + CD64 + Ly6C hi F4/80 lo ) ( Figure 2H ), and this cell population appeared to transition into a resident macrophage phenotype (CD45 + CD64 -Ly6C lo F4/80 hi ) as early as day 2 after ( Figure 4C ). We found that the increased WISP-1 secretion in healing wounds from IL-10 fl/fl mice was absent in IL-10 fl/fl CD11c Cre mice (4.2-± 0.20-fold increase in IL-10 fl/fl mice vs. 1.49-± 0.21fold increase in IL-10 fl/fl CD11c Cre mice; P < 0.01). In contrast, the WISP-1 secretion from intact healthy intestinal mucosa was comparable between these groups of mice. WISP-1 is secreted in response to intestinal mucosal injury. To corroborate our in vitro findings, we analyzed WISP1 mRNA levels in healing biopsy-induced intestinal mucosal wounds. As shown in Figure 5A , increased WISP1 mRNA was identified in healing intestinal mucosal wounds 3 days after injury (day 3, P < 0.001). Immunofluorescence labeling identified WISP-1 protein in crypt base intestinal epithelial cells and in LP cells, with increased WISP-1 expression detected in the repairing epithelium adjoining the mucosal injury ( Figure 5B and Supplemental Figure 4 ). To support these data, we determined WISP1 mRNA levels in human colon samples from both healthy and active IBD tissue. As shown in Figure 5C, WISP1 mRNA levels were increased in colonic tissue with an active inflammatory process. Immunofluorescence labeling showed that WISP-1 was expressed in the base of healthy human colonic crypts, with a prominent increase in expression detected in colonic crypts from active colitis tissue ( Figure 5D ). Furthermore, Western blot analysis of human colonic mucosal samples from healthy individuals and individuals with chronic active colitis revealed increased levels of WISP-1 protein in IBD samples compared with levels in healthy control samples. Similarly, IL-10Rα expression was increased ( Figure 5E ). Immunoblots for the IFN-γ-induced gene GTPase guanylate-binding protein 1 (GBP1) in IBD samples revealed increased protein levels, supporting the finding of increased active inflammation in tissue samples (13) . Taken together, these results suggest that WISP-1, IL-10Rα, and GBP-1 are upregulated in the intestinal mucosa in response to injury and inflammation.
WISP-1 promotes intestinal epithelial wound repair. Since IL-10 promotes WISP-1 synthesis and secretion, we determined whether WISP-1 enhances intestinal epithelial wound repair using the model intestinal epithelial cell lines SKCO-15 and IEC-6. As shown in Figure 6, recombinant human WISP-1 (rhWISP-1) increased epithelial wound closure in a time-and dose-dependent manner ( Figure 6A , P < 0.001, and Supplemental Figure 5, A and B) . Furthermore, the reparative effects of WISP-1 were inhibited with WISP-1-inhibitory Abs ( Figure 6A , P < 0.05). Additionally, siRNA-mediated knockdown of WISP-1 (Supplemental Figure 5C ) inhibited the increased wound closure following treatment with IL-10 and WISP-1 ( Figure  6B and Supplemental Figure 5D ). To determine whether epithelial cell proliferation contributes to the increased wound closure mediated by WISP-1, we analyzed EdU incorporation of healing epithelial wounds in vitro. Increased intestinal epithelial cell proliferation in response to WISP-1 incubation was inhibited with a WISP-1-inhibitory Ab ( Figure 6C ) or by siRNA-mediated knockdown WISP-1 expression ( Figure 6D ). To determine whether WISP-1 induces gene expression programs that promote intestinal epithelial wound healing, we performed a transcription factor PCR array. Figure 6E shows WISP-1-induced upregulation of POU5F1 (OCT4) and NANOG, both key pluripotency genes implicated in proliferation and cell renewal. We also found that IECs treated for 24 hours with rhWISP-1 have increased transactivation of TCF/LEF reporter mately, wound healing. WISP-1 is a CREB target protein that has been reported to promote epithelial cell proliferation (12) . Since WISP-1 is a secreted protein, we examined the influence of IL-10 on WISP-1 secretion from healing IEC wounds. As shown in Figure 4A , rhIL-10 treatment of IEC induced WISP-1 secretion, and this response was inhibited by coincubation with a pharmacological CREB-CBP inhibitor (CREB-binding protein) (P < 0.001) or by knocking down IL-10Rα expression (Supplemental Figure 3A) . It has been previously reported that the WISP1 gene promoter contains a CREB-binding site that mediates its transcriptional activation (12) . Thus, to examine the relationship between IL-10 induction and WISP-1 secretion, we examined the influence of IL-10 on WISP1 promoter activity. Increased WISP1 luciferase reporter activity was observed in IECs incubated with IL-10 (Figure 4B; 4 .36-± 0.253-fold), and this effect was abrogated in cells transfected with a WISP1 luciferase reporter construct containing mutations in the CREB-binding site. A positive control for this experiment using forskolin to activate CREB signaling showed a 8.21-fold increase in luciferase activity (Supplemental Figure 3B ). Since treatment with exogenous IL-10 increased WISP-1 secretion in healing wounds in vitro, we next examined whether WISP-1 production in vivo was influenced by macrophage-derived IL-10.
Intestinal mucosal levels of WISP-1 in punch biopsies 3 days after wounding were measured in IL-10 fl/fl and IL-10 fl/fl CD11c Cre mice activity, which was analyzed using the TOP/FOP luciferase reporter assay (Supplemental Figure 5E ). These findings support a role for WISP-1 in activating the WNT signaling pathway. Previous studies have shown that c-myc, a pro-proliferative protein, is a direct target gene of the WNT signaling pathway in the intestine (14) . As shown in Figure 6F (densitometry in Supplemental Figure 5F ), IL-10 and WISP-1 incubation increased intestinal epithelial cell c-myc protein levels. Last, we analyzed the functional effects of WISP-1 on wound repair in vivo by administration of WISP-1-inhibitory Ab (15) in the colonic mucosa of healing biopsy-induced wounds. The administration of WISP-1-inhibitory Ab into healing intestinal mucosal wounds impaired wound repair relative to isotype control Ab administration (45.6% ± 2.99% IgG isotype vs. 13.2% ± 2.41% WISP-1-blocking Ab, P < 0.001) ( Figure 6G ). Taken together, these findings support an important role for WISP-1 in promoting intestinal mucosal wound repair.
Discussion
Epithelial damage associated with disruption of the intestinal mucosal barrier occurs following mechanical injury and is pathognomonic of a number of diseases including IBD (16) . Repair of intestinal injury and the regaining of mucosal homeostasis require an actively induced and coordinated response that culminates in the migration and proliferation of IECs to cover denuded mucosal surfaces and reestablish the mucosal barrier. This re-epithelialization is facilitated by complex interactions between mediators derived from the epithelium as well as from resident and infiltrating immune cells (2) . One of the mediators previously implicated in epithelial repair is the antiinflammatory cytokine IL-10, which plays a protective role during intestinal inflammation and is critical for the maintenance of intestinal homeostasis (3) . As such, Il10 -/mice have an amplified, microbiota-dependent immune response that leads to overproduction of proinflammatory cytokines and culminates in spontaneous enterocolitis (4) . While the role of IL-10 signaling on immune cell function has been well characterized, the effects of this cytokine on repair of the mucosal barrier and the cellular sources of IL-10 secretion following intestinal mucosal injury have not yet been fully elucidated. Previous studies have reported an important role of microbiota in mucosal IL-10 generation under homeostatic conditions (17) (18) (19) . GF mice have a 50% reduction in IL-10 steady-state levels.
Here, we report that IL-10 is synthesized and secreted in response to colonic mucosal injury in vivo, and this response is not dependent on microbiota exposure. Furthermore, the peak expression of IL-10 is observed in a transition between the pro-inflammatory and restorative phases of wound closure. We further identified the importance of IL-10 in promoting mucosal wound repair by utilizing Il10 -/mice that exhibit delayed colonic mucosal wound healing when compared with WT mice. Earlier reports have identified increased IL-10 levels following injury of rat sciatic nerve, and a beneficial role of IL-10 has been implicated in tissues such as cardiac muscle, carotid endothelia, and lung epithelia (20) (21) (22) . We found that epithelial IL-10Rα mediates the IL-10-driven increase in wound healing. Previous studies have addressed the importance of IL-10Rα in the colon (23) . It has been shown that intestinal epithelial IL-10Rα is apically expressed, is upregulated during inflammation, and promotes barrier recovery. Once secreted at sites of mucosal injury, IL-10 exerts both antiinflammatory and pro-resolution effects. This is mediated through limiting the immune inflammatory response at the site of the wound and by increasing pro-resolution responses including regulation of the extracellular matrix and optimization of fibroblast function (24, 25) . While it has been previously shown that IECs can produce IL-10 at sites of mucosal injury (26, 27) , infiltrating immune cells are an abundant source of this cytokine (5, 11, 28, 29) . Therefore, it is likely that the source of IL-10 produced during inflammation and subsequent repair of intestinal tissues changes in a temporal fashion depending on the composition of the immune cell compartment. Given previous reports of IL-10 generation by epithelial cells and neutrophils, it is possible that, in our model, these cells contributed to increased IL-10 generation within 1 day after injury. Nevertheless, the highest levels of IL-10 were detected in day-2 healing mucosal wounds. This time point corresponds with a robust macrophage infiltration of the repairing mucosa, suggesting that macrophages could represent an important source of IL-10 in healing mucosal wounds. In support of this, it has been previously reported that IL-10 is robustly expressed by intestinal LP macrophages following mucosal barrier compromise and exposure to luminal microbes (17) . Macrophages play a critical role in mucosal wound healing because of their well-characterized role in the generation of factors that stimulate both angiogenesis and fibroplasia (30, 31) . For example, skin wounds in mice depleted of macrophages have delayed wound closure due to decreased angiogenesis and secretion of growth factors such as TGF-β (32) . Furthermore, macro- Intestinal epithelial wound closure percentage was calculated by measuring wound widths 0, 12, and 24 hours after wounding (***P < 0.001, n = 4, mean ± SEM). Cells were incubated with WISP-1 (500 nM) in the presence of WISP-1-inhibitory Abs (α-WISP-1) (10 μg/wound) and IgG-matched control Abs. (B) Percentage of wound closure in cells after siRNA-mediated downregulation of WISP-1 (WISP-1 siRNA) or scramble control siRNA (*P < 0.05 and **P < 0.01; n = 8, mean ± SEM) and treatment with rhIL-10 (100 nM), WISP-1 (500 nM), or BSA. (C and D) Epithelial cell proliferation was determined by analysis of EdU incorporation in control epithelial cells, cells with siRNA-mediated downregulation of WISP-1 (WISP-1 siRNA), WISP-1-inhibitory Abs with corresponding IgG-matched control (10 μg/well). (C, ***P < 0.001, n = 4, mean ± SEM), and in cells treated with rhIL-10 (100 nM), WISP-1 (500 nM), or BSA (D, *P < 0.05 and ***P < 0.001, n = 4, mean ± SEM). (E) POU5F1 and NANOG qPCR of SKCO-15 cells treated with WISP-1 (500 nM) or BSA (**P < 0.01; n = 3, mean ± SEM). (F) Intestinal epithelial cells from scratch-wounded monolayers were treated with BSA, IL-10 (100 nM), or WISP-1 (500 nM) for 2 hours. Harvested cells were immunoblotted for the pro-proliferative protein c-myc and the loading control GAPDH. Blot is representative of 3 experiments. (G) Endoscopic images of healing mucosal wounds 1 and 3 days after biopsy-induced injury in WT mice that were administered WISP-1-neutralizing Ab or an IgG isotype control into the wound bed (***P < 0.001, n = 5, mean ± SEM). All statistical comparisons were performed using ANOVA with Tukey's multiple comparisons post test and a 2-tailed Student's t test.
T and B lymphocytes, hepatocytes, and neural stem cells (40) (41) (42) . Furthermore, CREB signaling controls the development and homeostasis of epithelial tissues such as those in the lungs and ovaries (43) (44) (45) . Our study demonstrates a STAT3-dependent link between IL-10 and epithelial CREB signaling that serves to promote epithelial cell proliferation and repair. IT has been previously reported that CREB activation promotes the expression of a pro-proliferative WISP-1 protein that belongs to the CCN family of extracellular matrix-associated proteins (6, 12) . Our study supports the idea that IL-10-induced epithelial WISP-1 secretion in epithelial cells is mediated by CREB activation.
Chronic inflammatory processes can be associated with an impaired resolution response due to the overwhelming persistence of the proinflammatory milieu that tips the balance toward injury rather than repair (46) . We found increased levels of IL-10 and WISP-1 in healing colonic wounds. Increased WISP-1 levels found in inflamed colonic tissue from patients with active colitis suggest that this protein is secreted upon epithelial injury. Although we cannot completely exclude an influence of immunosuppressant therapy on WISP-1 expression, we hypothesize that active inflammation drives WISP-1 expression in human IBD. IL-10 levels are also high in patients with active ulcerative colitis (47) , suggesting that these mechanisms come into play during a mucosal inflammatory response that serves to help with the repair process. Increased WISP-1 levels have been identified in repairing skin wounds, and WISP-1-KO mice have delayed skin wound healing (48). Additionally, IL-10 has also been reported to influence keratinocyte wound closure (25) .
We observed that WISP-1 upregulates IEC mRNA levels of POU5F1 (encoding OCT4) and NANOG, both of which are key pluripotency genes implicated in proliferation and cell renewal (49) . POU5F1 is a WNT target gene that promotes the expression of NANOG (50) . These findings are consistent with our results showing increased TCF/LEF transactivation in response to WISP-1 signaling (Supplemental Figure 5E ). We propose that WISP-1 acts as a positive feedback loop for the WNT signaling pathway, resulting in upregulation of the pro-proliferative-and pluripotency-related proteins c-myc, OCT4, and NANOG. The increased expression of these genes is consistent with the functional increase in epithelial cell proliferation and wound healing in response to WISP-1. A previous study has reported an influence of WISP-1 in promoting the proliferation of primary human lung fibroblasts that is mediated by IL-6 signaling (51) . Taken together, these data highlight an important macrophage-epithelium crosstalk that is mediated by IL-10, CREB, and WISP-1 and that serves to promote healing of mucosal wounds (Figure 7 ).
Methods
Mice. C57BL/6 (WT), Rag1 -/-, Il10 -/-, and CD11c-Cre (CD11c Cre) mice were purchased from The Jackson Laboratory. CD11c Cre mice were bred with IL-10 fl/fl mice (52) . GF mice were obtained from the University of Michigan GF facility, and all mice were maintained under SPF conditions.
Cell lines and culture conditions. IECs (SK-CO15 [human] and IEC-6 [rat]) were obtained from Enrique Rodriguez-Boulan (Cornell University, Ithaca, New York, USA) and the ATCC, respectively. Human colonic phage depletion during the early proliferative stage of skin wound closure results in hemorrhage and delayed wound healing (33) . In support of the idea that macrophages are a significant source of IL-10 in healing intestinal mucosa, we report here that mice lacking IL-10 expression in CD11c-expressing cells had a deficit in intestinal wound repair, while mice lacking mature T and B cells (Rag -/mice) had normal levels of intestinal wound repair. This response can most likely be attributed to the absence of macrophage-derived IL-10, since intestinal DCs are not known to express high levels of IL-10 (5, 10). In addition, immunostaining data revealed IL-10 protein in F4/80-expressing macrophages in healing colonic mucosal wounds (5, 10) . This finding was further supported by digital droplet PCR analysis of sorted macrophage populations in healing colonic mucosal wounds (5, 10) . The highest expression of Il10 mRNA was detected in CD45 + CD64 + Ly6C + immune cells, which most likely represented infiltrating monocytes (34) . Collectively, our results provide insight into how IL-10producing inflammatory monocytes rapidly accumulate in the intestinal would bed to promote repair processes as they transition to a resident macrophage phenotype.
Analysis of mechanisms by which IL-10 promotes mucosal wound healing identified its influence on intestinal epithelial cell proliferation. Previous studies have reported that IL-10 induced the proliferation of other cell types including B cells, mast cells, and lung fibroblasts (35) (36) (37) . In addition, accelerated wound healing in the skin of Il10 -/mice (38) has been attributed to other mechanisms that include IL-10 effects on mechanical strength and epithelial organization during repair. Here, we show for the first time to our knowledge that mucosal macrophage-derived IL-10 activates intestinal epithelial CREB protein to promote proliferation and repair, supporting the idea that these molecules play an important role in mucosal repair. CREB is a ubiquitously expressed nuclear transcription factor that is phosphorylated (Ser133) and activated by extracellular stimuli (39) . Importantly, CREB is known to regulate genes important for cell proliferation, differentiation, adaptation, and survival in many cell types including and then passed several times through an 18-gauge needle plus a 3-cc syringe, filtered through a 70-μm cell strainer into a clean 50-ml tube on ice, and centrifuged to pellet the immune cells. Cells were resuspended in flow cytometry buffer. Flow cytometry and cell sorting. Isolated LP cells from colonic wounds were resuspended in PBS containing 2% FBS and then incubated for 30 minutes at 4°C with a LIVE/DEAD dye (eBioscience Fixable Viability Dye eFluor 780; Invitrogen, Thermo Fisher Scientific). Cells were washed 2 times in PBS containing 2% FBS and stained for 30 minutes at 4°C with labeled Abs in the presence of Fc block. Samples were then washed 2 times in PBS containing 2% FBS and analyzed immediately. Flow cytometric analysis was performed on a NovoCyte Flow Cytometer (ACEA Biosciences Inc.). For sorting experiments, isolated LP cells resuspended in PBS containing 2% FBS were first stained with labeled Abs in the presence of Fc block for 30 minutes at 4°C. After washing 2 times in PBS containing 2% FBS, cells were resuspended in sorting buffer (HBSS containing 10 mM HEPES and 0.1% FBS) containing LIVE/ DEAD Dye 7-AAD (BD Biosciences) for 20 minutes at 4°C. Without washing, sorting samples were acquired using a FACSAria II cell sorter at the University of Michigan Flow Cytometry Core. Cells were sorted into 3 groups for Il10 mRNA expression analysis: a) CD45 + CD64cells; b) CD45 + CD64 + Ly6Ccells; and c) CD45 + CD64 + Ly6C + cells. The results were plotted and analyzed using FlowJo software.
PCR. Total RNA was isolated from SKCO-15 cells using the RNeasy Kit (QIAGEN) with a DNAse I treatment following the manufacturer's protocol. Total RNA (1 μg) was reverse transcribed into cDNA using iScript Reverse Transcription Supermix (Bio-Rad). Samples were evaluated using a PrimePCR Transcription Array (Bio-Rad). Gene expression changes of interest were confirmed by quantitative PCR (qPCR) using SsoAdvanced Universal SYBR Green (Bio-Rad) with a Bio-Rad CTX Cycler measuring SYBR green incorporation for product detection. Reactions were performed in triplicate with 3 biological replicates. The relative expression of NANOG and OCT4 was calculated by the 2−ΔΔCt method and normalized to the housekeeping gene TATA-box-binding protein (TBP). The primer sequences were as follows: NANOG (forward): 5′-CCTTCTGCGTCACACCATT-3′; NANOG (reverse): 5′-AACTCTCCAACATCCTGAACC-3′; POU5F1 (forward): TGTGTCTATCTACTGTGTCCCA-3′; POU5F1 (reverse): 5′-GTTGGAGGGAAGGTGAAGTTC-3′.
Detection of IL-10 in wounds and immune cells. Total RNA was isolated from equivalent numbers of wounds or immune cells sorted by flow cytometry using the QIAGEN RNeasy Micro Plus Kit according to the manufacturer's instructions. The Bio-Rad iScript cDNA Synthesis Kit was used to synthesize cDNA from 4 μl total RNA. Digital droplet PCR was performed with QX200 ddPCR EvaGreen Supermix, with 1 μl cDNA as the template per reaction using the Bio-Rad QX200 AutoDG Droplet Digital PCR. For droplet generation and quantification, PCR was performed using a Bio-Rad C-1000 Touch PCR machine following the manufacturer's cycling conditions. The following primers were used to detect Il10: (forward) 5′-CCCTGGGTGAGAAGCTGAAG; (reverse) 5′-CACTGCCTTGCTCTTATTTTCACA. Data analysis was done using Bio-Rad QuantaSoft software. IL-10 copies/μl were normalized to the Rps18 copies/μl for each sample.
Abs and reagents. The following Abs were used for Western blotting, flow cytometry, and immunofluorescence analysis of structural proteins, signaling molecules, and cell line-specific proteins: IL-10 (catalog 9969) and WISP-1 (catalog 155654) from Abcam; IL-10 enteroids were provided by Jason Spence (University of Michigan, Ann Arbor, MI, USA). IECs were grown in high glucose (4.5 g/l), DMEM supplemented with 10% FBS, 100 units/ml penicillin, 100 μg/ml streptomycin, 15 mm HEPES (pH 7.4), 2 mm L-glutamine, and 1% nonessential amino acids, as described previously (7) , at 37°C in a 4% C0 2 incubator.
IEC monolayer wounding in vitro. Cell migration was assessed using a scratch wound assay as previously published (7) . Inhibitors were added 30 minutes prior to mechanical wounding. For immunoblot analysis, confluent cell monolayers grown in 6-well tissue culture plates and grid wounds were generated to enrich for migrating and spreading cells.
In vivo wounding of colonic mucosa. Mice were anesthetized by i.p. injection of a ketamine solution (100 mg/kg)/xylazine (10 mg/kg). A high-resolution, miniaturized colonoscope system equipped with biopsy forceps (Colorview Veterinary Endoscope; Karl Stortz) was used to biopsy-injure the colonic mucosa at 3 to 5 sites along the dorsal artery, and healing was quantified on post-injury days 1 and 3. Endoscopic procedures were viewed with high-resolution (1,024 × 768 pixels) images on a flat-panel color monitor. Wound sizes averaged approximately 1 mm 2 , which is equivalent to the removal of approximately 250 to 300 crypts. GF animals were maintained under sterile conditions. For each analysis, 10-15 lesions from 5 mice per group were examined. Mucosal wounds and intact mucosa were harvested for analysis of mRNA expression (realtime PCR), immunoblotting for changes in expression or activation of proteins involved in epithelial cell proliferation and wound closure, as well as immunofluorescence labeling.
Cell proliferation. IEC monolayers were incubated with the different treatments for 24 hours. One hour before harvesting of cells, EdU was added to the media at a final concentration of 10 μM. For in vivo studies, EdU was injected i.p. (160 μg/g BW), and after 2 hours, the mice were euthanized and the colon was harvested, rolled, and embedded in OCT for cryosectioning. Proliferating cells were detected with the Click-iT EdU Alexa Fluor 488 Imaging Kit (Life Sciences, Thermo Fisher Scientific; catalog C10637) using a Leica SP5 confocal microscope (Leica Microsystems).
siRNAs. WISP-1 siRNAs (no. 1: GGAGUUUGCAUGGACAAUAG-GUGCT; no. 2: ACAUCCAUACACUCAUUAAGGCAGG; no. 3: AGACUAUCGACGUGUCCUUCCAGTG) were purchased from Ori-Gene (catalog SR305836), and IL-10Rα and IL-10β siRNAs (SMARTpool, catalog L-007925-00-0005) were purchased from GE Dharmacon and used for transfection studies with Lipofectamine 2000 (Life Technologies, Thermo Fisher Scientific) according to the manufacturers' instructions. Transfection of nonsilencing siRNA (Sigma-Aldrich; catalog SIC002) was used as a negative control.
Immunoblotting and immunofluorescence. For cell lysis, IEC monolayers or intestinal mucosa were harvested in RIPA buffer (0.5% Triton X-100, 0.5% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 150 mM NaCl, 1 mM EGTA [pH 8.0], 1 mM EDTA, 0.2 mM sodium orthovanadate, 20 mM Tris [pH 7.4]) supplemented with protease and phosphatase inhibitors. Immunoblotting was performed as described previously (7) . For immunofluorescence labeling, frozen sections from the colon or IECs grown on permeable supports or glass coverslips were fixed, permeabilized, and incubated with primary and secondary Abs.
Isolation of LP cells. Punch biopsies (2-mm) of wounded or intact colon were taken, and tissue from each experimental condition was placed in 10 ml of RPMI media containing 150 μl Liberase stock (2.5 mg/ml) and 150 μl DNase I stock (2 × 10 4 Kuntz units/ml) (both from Sigma-Aldrich). Biopsy punches were digested at 37°C for 30 minutes
